The streamwise interfaces of an isolated turbulent region in a flat plate boundary layer are investigated by performing a wind tunnel experiment. A bimorph-type piezoceramic actuator is used to generate a trapezoidal turbulent region whose spanwise width is larger than those of a typical turbulent spot. The experimental results show that the traveling speeds of the leading and trailing ends of the turbulent region are almost same as those of the turbulent spots with an arrow-head shape. This result indicate that the spanwise width have little influence to the streamwise growth of an isolated turbulent region. It is also found that the traveling speed of the trailing end of the turbulent region exceeds that of local flow velocity in the near-wall region, which is η < 1.3, and vice versa. This result shows that a relaminarization is in progress in the near-wall region, where the turbulent fluid is moving across the trailing end turning laminar. The critical wall-normal distance of η = 1.3 corresponds to about 10 in the wall unit (y + ),
Introduction
From an engineering point of view, controlling the state of a boundary layer is a very important technique for improving the efficiencies of fluid machineries. For example, a laminar boundary layer is preferable to reduce the skin friction of a wall at which a boundary layer develops, but a turbulent boundary layer is preferable to enhance heat transfer from a wall to a fluid (i.e., to enhance the cooling efficiency). Therefore, there is a growing demand for techniques that can change the turbulent/laminar state of the boundary layer, and intensive studies are also being conducted to understand the transition mechanism for manipulating the turbulent/laminar states.
As one of the approaches to understand the mechanism how the turbulent region spread into the laminar region, a turbulent spot, which Emmons (1) first observed experimentally in a boundary layer undergoing the transition process, has been investigated by many researchers. Schubauer et al. (2) introduced turbulent spots intermittently into a laminar boundary layer and measured the velocity signals and celerities associated with the spot. They also reported the existence of a so-called calmed region that was immediately following the turbulent spot and that was more stable than the surrounding flow. Coles et al. (3) investigated the velocity field around the turbulent spot by conditional sampling techniques. They focused on the streamline pattern in the center plane of the spot and suggested that the spot grows not only by entraining laminar fluid from the free stream but also by entraining fluid from the ambient laminar boundary layer. Wygnanski et al. (4) also used conditional sampling techniques to investigate the average shape of turbulent spots and the mean flow field in its vicinity. They showed that the fluid deep in the laminar boundary layer travelled faster than the rear interface of the turbulent spot and it was entrained into the spot. Conversely, the fluid outside the boundary layer was passed by the ridge of the spot and was entrained through the leading interface. In their experiment using a heated rod, Gad-el-hak et al. (5) demonstrated that the growth rate of the turbulent wedge in the spanwise direction was an order of magnitude greater than that in the wall-normal direction, and they concluded that a process other than entrainment contributes to the spanwise growth. They refer to this other process as the destabilization process. These researches indicated how the turbulent region expands into the laminar region. It was also revealed that the entrainment process occurring at the leading edge of the turbulent spot plays an important role for the expansion of the turbulent region. In recent years, turbulent spots under particular flow conditions have been investigated by many researchers. Katz et al. (6) investigated a turbulent spot in an accelerating laminar boundary layer flow. From the measured data, they pointed out that the rate of growth of the spot was significantly decreased by the favorable pressure gradients in all three directions (streamwise, wall-normal, and spanwise). They also pointed out that the turbulent spot became much shorter and narrower in comparison with similar spots generated in a Blasius boundary layer at comparable distances from its origin and at comparable Reynolds numbers. Seifert et al. (7) experimentally investigated the characteristics of a turbulent spot propagating in a laminar boundary layer subjected to a self-similar adverse pressure gradient. They indicated that the rate of spanwise spreading of the spot was affected most significantly by the pressure gradient. They also indicated that the interaction of the spot with the wave packet existing beyond its tip was enhanced by the adverse pressure gradient, because the Reynolds number of the surrounding boundary layer was supercritical everywhere. In addition, they concluded that the maximum linear amplification rate in their case was approximately four times greater than in a Blasius flow. Some experiments have been performed by focusing on the leading or trailing edge of the turbulent spot. Using a rake of miniature thermocouples, Gutmark et al. (8) experimentally investigated a turbulent spot generated artificially in a heated boundary layer. They indicated that the length of the leading edge of the spot increased linearly with the downstream distance. They also indicated that the overhanging region of the leading edge was caused by the upstream turbulence initially closer to the wall but eventually ejected into the free stream. This description was consistent with the study by Smith (9) . Further, the trailing or calmed region of the spot has been investigated by many researchers, and the presence of higher momentum fluid near the wall was revealed (e.g. Antonia et al. (10) , Gostelow et al. (11) , and Chong et al. (12) ). In addition, this characteristic was captured by a theoretical model that was proposed by Brown et al. (13) . In related studies, Schröder et al. (14) investigated the trailing edge of a turbulent spot by using multi-plane stereo particle image velocimetry. They indicated that low-speed streaks in a spot, which extended into the calmed region, were closely related to hairpin vortices. They also pointed out that these hairpin vortices were most active at the interface between the body and the calmed region of the spot and that this was the main mechanism for turbulence generation at the interface. From these studies mentioned above, it can be concluded that the understanding of the mechanism for the turbulent region spreading in the streamwise direction made progress in terms of the flow structures at the streamwise interfaces between the turbulent and laminar regions. However, we would like to point out that the streamwise and spanwise interfaces of a turbulent spot are adjacent during its growing process because the turbulent spot is shaped like an arrowhead. Therefore, the streamwise and spanwise interfaces of a turbulent spot can be interacting with each other, which was not taken into account in the previous studies.
The objective of the present study is to understand the flow phenomenon at the streamwise interfaces between the turbulent and laminar regions, which is independent of the in- fluence of the spanwise interfaces. A turbulent region is periodically generated in a laminar boundary layer by periodically activating bimorph-type piezoceramic actuator that raises its trailing end from the wall. The shape of a turbulent region generated by the piezoceramic actuator becomes trapezoidal and the interference of the spanwise interfaces with the streamwise interfaces can be substantially reduced. Therefore, the streamwise interfaces become more pure. In the experiment, the velocity fields at the leading or trailing end of the turbulent region are measured by a single-type hot-wire probe, and a rake with six individual hot-wire probes is connected to a constant temperature anemometer (CTA). The measured data are analyzed using an ensemble-averaging technique. For an understanding of the mechanism by which the turbulent region spreads in the streamwise direction, the results are discussed particularly from the perspective of the transport of the turbulent/laminar fluid through the interfaces.
Experimental setup and procedure

Experimental setup 2.1.1. Wind tunnel and flat plate
The experiment is performed in a blowout-type wind tunnel shown in Fig.1 . The contraction ratio of the nozzle is 9:1 and a closed-type test section is connected to the contraction nozzle. The length of the test section is 2,000 mm in the streamwise direction and its cross section is a square of 500×500 mm 2 . The ceiling of the test section is adjustable to realize zero pressure gradient in the streamwise direction. The free stream velocity U ∞ is set at 5.0 m/s and the RMS value of the streamwise velocity fluctuation u R in the free stream is less than 0.25% of U ∞ (i.e., turbulent intensity u R /U ∞ ≤ 0.0025). A flat plate with piezoceramic actuator (described in the next subsection) is set in the test section and periodically activated to excite a series of isolated turbulent regions within a laminar boundary layer.
The schematic view of the flat plate with a piezoceramic actuator used is shown in Fig.2 . The plate is 1,800 mm long, 490 mm wide, and 10 mm thick, and is horizontally mounted 200 mm above the floor of the test section. An elliptical leading edge with the radius ratio 24:1 is attached to the plate, and a flap with a 190 mm chord is attached at the downstream end to adjust the stagnation point at the leading edge. The origin of the coordinate system is located at the center of the leading edge of the plate. The streamwise, wall-normal, and spanwise coordinates are x, y, and z, respectively.
Piezoceramic actuator
To excite a widely spreading turbulent region periodically in the laminar boundary layer, a pair of piezoceramic actuator is used. The characteristics of the piezoceramic piece are described in the following paragraphs.
A piezoceramic piece has the capability to produce an electrical voltage when a mechanical stress is imposed on it. The piezoceramic piece also exhibits the opposite effect, called the converse piezoelectric effect, in which an electrical field creates a mechanical stress (i.e., deformation or distortion) in the crystal. This transducing effect is called the piezoelectric effect. The negative ions move toward the positive electrode when voltage is applied. Therefore, a piezoceramic piece can be expanded or contracted because the crystals in the piezoceramic Science and Technology There are two types of piezoceramics: one is the unimorph type and the other is the bimorph type, as shown in Fig.3 . The unimorph type is made from only one piezoceramic piece, which expands by positive voltage and contracts by negative voltage. The bimorph type is made from two piezoceramic pieces, which deform in opposite directions. Therefore, it can perform a bending motion. In the previous studies, the unimorph type was used to excite the streamwise velocity fluctuations in a boundary layer by supplying alternating current to the piezoceramic pieces (Fukunishi et al. (15) ), and the bimorph type was used to generate the turbulent wedge in a laminar boundary layer (Inasawa et al. (16) ).
In this study, two bimorph-type piezoceramic pieces are used as an actuator, as shown in Fig.2 . Each piezoceramic piece is 150 mm long, 40 mm wide, and 0.5 mm thick. The downstream ends of both piezoceramic pieces are located at x = 350 mm. The piezoceramic pieces are fixed horizontally on the flat plate using double-faced tapes at 200 mm ≤ x ≤ 230 mm (i.e., only upstream-side 30 mm of the piezoceramic pieces are glued). Therefore, the downstream ends can be moved upward by supplying voltage to the piezoceramic pieces. Dummy pieces made of rigid polyvinyl chloride fill the spacing between the spanwise ends of the piezoceramic pair and the side walls, in order to maintain the two-dimensionality of the flow. When a voltage of 80 DC V is applied to the piezoceramic pieces, the downstream end is raised 2.0 mm from the wall surface. The height (2.0 mm) corresponds to 39% of the laminar boundary layer thickness δ 99 and 113% of the displacement thickness δ * at the downstream end location (x = 350 mm). In the experiment, 80 DC V is applied for a duration of 0.04 s every second. Hence, the turbulent region is excited in the laminar boundary layer at an interval of one second. The voltage signal used in activating the piezoceramic pieces is shown in Fig.4 . This method has an advantage in generating a turbulent region of a preferred size, compared to other methods used for generation of turbulent spots, where jet ejection through a tiny hole is commonly used.
Measurement methods 2.2.1. Measurement technique
The velocity fields are measured using a single-type hotwire probe connected to a constant temperature circuit. The diameter and length of the sensing part are 5.0 μm and 1.0 mm, respectively. The measurement is performed in the region 400 mm ≤ x ≤ 900 mm, 0.5 mm ≤ y ≤ 20 mm, and -100 mm ≤ z ≤ 100 mm. In addition, a rake of six hot-wire sensors aligned in the wall-normal direction is used to obtain instantaneous velocity in the wall-normal distribution, as shown in Fig.5 . The measuring locations of the probes in the rake are y = 1.0, 2.5, 4.0, 5.5, 7.0, and 8.5 mm. Fourth-order Butterworth low-pass filters, whose cut-off frequency is 2.5 kHz are used to filter out the high-frequency components from the hot-wire signals to avoid aliasing. The filtered signals are converted into digital data and saved on a PC via an analog-digital converter (Interface Corp. PCI-3155) with a sampling frequency of 5.0 kHz. In this study, an ensemble-averaging technique is also applied. The signal that operates the actuator is used as the reference signal, and 120 realizations are examined in each measurement.
Definition of the turbulent region
In order to investigate the interface between the turbulent region and the laminar region, it is necessary to define the turbulent region. In the previous studies (Hedley et al. (17) , Gad-el-hak et al. (5) , Wygnanski et al. (18) , Gostelow et al. (11) , and Chong et al. (19) ), many methods have been proposed. In this study, the random component of the streamwise velocity signal is used to define a turbulent region. The random component is defined as the difference between the randomly fluctuating value (e.g., streamwise velocity fluctuation) and the ensemble-averaged value. Here, the random componentû(t) and the intensity of the random componentû R (t) are respectively given by the following equations:
where, U(t) is the instantaneous streamwise velocity, U is the time-averaged streamwise velocity,ũ(t) is the periodic streamwise velocity fluctuation that corresponds to the ensemble- is the number of realizations in the ensemble-averaging (N = 120). In this study, the region whereû R /U ∞ is greater than 0.02 is defined as the turbulent region. Here, U ∞ is the free stream velocity in the test section. By using this index, turbulent and laminar regions are distinguished more clearly, because the large irregularity of the streamwise velocity fluctuation, which is shown by the large intensity of the random component, is one of the properties of the turbulent region. In addition, the streamwise velocity fluctuation u(t) is defined in this study by the following equation.
Results and discussion
Base flow
The x profile of the pressure coefficient C p in the test section is shown in Fig.6 . The abscissa indicates the streamwise location x and the ordinate is the pressure coefficient -C p which is defined as follows:
where P is the static pressure at each streamwise location (0, 200, 400, 600, 800, and 1000 mm), P 0 is the static pressure at x = 0, and ρ is the density of the fluid. The static pressure is measured by a manometer through holes set on the sidewall of the test section. Figure 6 shows that variation C p is less than 0.002 at each streamwise location which is much less than the dynamic pressure of the flow (= ρU 2 ∞ /2). Therefore, it can be concluded that there is almost no pressure gradient in the test section. Figure 7 shows the wall-normal profiles of U at x = 400, 500, 600, 700, 800, 900 mm and z = 0. The abscissa is the normalized height from a flat plate η, the ordinate is U/U ∞ , and the solid line indicates the Blasius profile. Here, η is equal to y √ U ∞ /νx and ν is kinematic viscosity. Figure 7 indicates that the measured results are in good agreement with the Blasius profile, showing that the boundary layer on the flat plate when the actuator is not activated is a laminar Blasius boundary layer. Figure 8 shows the wall-normal profiles of the RMS value of the streamwise velocity fluctuation u R in a laminar boundary layer (i.e., the actuator is not activated). The abscissa is the same as that in Fig.7 and the ordinate is u R /U ∞ . Figure 8 indicates that the turbulent intensity u R /U ∞ is less than 0.006 in the laminar boundary layer. This value is much lower than 0.02, which is the threshold to identify the flow states (laminar or turbulent), and it is much lower than the intensity of the free stream turbulence that influences the characteristics of the turbulent spot investigated in some previous studies (e.g., Fransson et al. (20) ).
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Fig . 6 The x profile of the pressure coefficient C p in the test section. Measurements are performed at x = 200, 400, 600, 800, and 1,000 mm. The actuator is not activated. Fig. 7 Wall-normal profiles of U/U ∞ at x = 400, 500, 600, 700, 800, 900 mm, and z = 0. The actuator is not activated. The solid line shows the Blasius profile. 
Excited turbulent region
First, we measured the flow field keeping the actuator always activated (i.e., DC power was continuously supplied to the actuator). For the profiles of the mean streamwise velocity and RMS value of the streamwise velocity fluctuation, one should refer to the previous study (Inasawa et al. (16) ). Figure 9 shows the power spectrum of the streamwise velocity fluctuation at various distances from the wall, namely η = 1.6, 2.6, 3.6, 4.6, 5.6 at x = 750 mm and z = 0. The abscissa is the frequency and the ordinate is the power of the streamwise velocity fluctuation E u normalized by the square of its RMS value u 2 R . As seen in Fig.9 , the broadband spectra similar to a fully developed turbulent flow is obtained. Figure 10 shows a waveform of the streamwise velocity fluctuation u(t) at x = 750 mm, η = 2.0, and z = 0. The abscissa is time t normalized by the actuator activating period T and the ordinate is velocity u(t) normalized by free stream velocity U ∞ . In the figure, it can be found that the waveform is disturbed periodically, corresponding to the actuation of the piezoceramic actuator. The result indicates that isolated turbulent regions are generated within the laminar boundary layer as intended.
Waveform of the streamwise velocity fluctuation
A close-up view of the waveform for one excited period is shown in Fig.11 . In the figure, it is found that the streamwise velocity increase rapidly with high irregularity for 2.32 ≤ t/T ≤ 2.44, while the velocity decreases gradually and the flow returns to original (laminar) state at t/T =2. 6 . Figure 12 shows the time histories of the streamwise velocity fluctuationũ(t) and the intensity of the random componentû R (t) measured at (a) η = 0.7, 1.6, 2.6 and (b) η = 3.6, 4.6, 5.6. This measurement is performed by using a hot-wire rake, which is shown in Fig.5 .
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The abscissas are t/T , while the ordinates areũ(t)/U ∞ andû R (t)/U ∞ . The dash-dotted lines in the figures show the threshold used to determine the turbulent region (û R (t)/U ∞ = 0.02). As seen in Fig.12 , at the leading end of the turbulent region (t/T = 0.25 − 0.30),ũ andû R change rapidly at all wall-normal positions. However,ũ gradually approaches zero at different timings depending on the η position (i.e., η = 5.6 → 0.7) after the trailing end of the turbulent region passes (t/T = 0.4 − 0.5). In other words, the streamwise velocity fluctuationũ maintains a high value even after the high frequency velocity fluctuation pattern associated with the turbulent region disappears. Figure 13 shows contour maps ofû R (t) in the xz-plane of y = 2.0 mm at t/T = 0.33 ( Fig.13(a) ) and t/T = 0.65 ( Fig.13(b) ). In each figure, abscissa is x and the ordinate is z. The bright region indicates the non-turbulent region (û R (t)/U ∞ ≤ 0.02) and the dark region indicates the turbulent region (û R (t)/U ∞ ≥ 0.02). Only z ≥ 0 is shown in Fig.13 , because in the preliminary experiment and in the previous studies (Inasawa et al. (16) ), it was found that the turbulent region develops symmetrically with respect to z = 0. A turbulent region spreading in the spanwise direction can be found in Fig.13 . Furthermore, it is found that the leading end (downstream end) and trailing end (upstream end) of the turbulent region are almost uniform in the spanwise direction. In other words, the excited turbulent region is widely spread in the spanwise direction and maintains the twodimensionality. Figures 14(a)-14(d) show contour maps of the intensity of the random componentû R (t) in the xη-plane at z = 0 at t/T = 0.31, 0.35, 0.45, and 0.53, respectively. The abscissas are x and the ordinates are η. The contour levels in Fig.14 are same as those in Fig.13 . Dashed lines indicate |ũ(t)/U ∞ | = 0.02. As shown in Fig.14 , the turbulent region moves downstream spreading in the streamwise and wall-normal directions. In the figure, it can be found that the region which has high intensity random component (û R (t)) coincides with the region of high streamwise velocity fluctuation (ũ(t)), except at the trailing end of the turbulent region. This indicates that the characteristics at the trailing end of the turbulent region are different from the rest. The characteristics of the region behind the trailing end of the turbulent region are similar to those of the calmed regions that are observed behind a turbulent spot (e.g., Schubauer et al. (2) ).
Ensemble-averaged image of the turbulent region
Detailed observations of streamwise interfaces
In this section, transfer of fluid through laminar/turbulent interfaces is discussed. The transfer of fluid through the interfaces is estimated by comparing the traveling speed of the interfaces U int with the ensemble-averaged streamwise velocityŨ locations on the interfaces. In this study, the traveling speeds of the interfaces are estimated in a manner similar to the previous studies (e.g., Gad-el-hak et al. (5) ). 
Traveling speed of streamwise interfaces
Traveling speed of the streamwise interfaces is estimated from each (leading or trailing end) interface's arrival time to several streamwise stations. Arrival time at each streamwise station is plotted in Fig.15 , where time at x = 750 mm t 750 is used as a reference. The symbols in Figure 15 shows that the travelling speeds of the interfaces are constant. The traveling speed of the leading end is about 0.8 − 0.9 times the free stream velocity U ∞ while that of the trailing end is 0.3 U ∞ − 0.5 U ∞ . The leading and trailing end speeds of the turbulent spot were approximately 0.8 U ∞ − 0.9 U ∞ and 0.5 U ∞ − 0.6 U ∞ (Wygnanski, et al. (18) , Zhong et al. (21) ). The present results agree with these values, though the speed of the trailing end is slightly slower.
Entrainment and relaminarization through the interfaces
The amount of fluid going through the streamwise interfaces is estimated by comparing the traveling speed of the interfaces U int to the ensemble-averaged streamwise velocities measured at the interface locationsŨ. Figure 16 shows the wall-normal profiles of the traveling speeds of the interfaces U int and the ensemble-averaged streamwise velocitiesŨ at the interface. Figures 16(a) and 16(b) show the values measured at the leading and trailing end of the turbulent region, respectively. The measurements are performed at x = 750 mm and z = 0. The abscissas are the traveling speeds of the streamwise interface U int /U ∞ or the ensemble-averaged streamwise velocitiesŨ/U ∞ . The ordinates are the wall-normal distance η. The meanings of the symbols in Fig.16 are as follows: denotes the traveling speed of the leading end; denotes the ensemble-averaged streamwise velocity measured at the leading end; denotes the traveling speed of the trailing end; and denotes the ensemble-averaged streamwise velocity measured at the trailing end. The dashed line in Fig.16(b) indicates η = 1.3.
As seen in Fig.16(a) , the traveling speed of the leading end ( ) is faster than the ensembleaveraged streamwise velocities ( ) at all wall-normal positions. This indicates that the leading
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end of the turbulent region moves downstream faster than the convection speed of fluid element. Therefore, the laminar fluid entrained and the fluid that used to be laminar turned turbulent passing through the interface. On the other hand, as seen in Fig.16(b) , the traveling speed of the trailing end of the turbulent region ( ) is faster or slower than the ensemble-averaged streamwise velocity ( ) depending on the distance from the wall η. The critical distance from the wall where the traveling speed of the interface coincide with that of fluid element is found to be at η = 1.3. At η > 1.3, because the fluid's speed ( ) exceeds the traveling speed of the trailing end ( ), a laminar-to-turbulent transition takes place. However, at η < 1.3, because the traveling speed of the trailing end ( ) exceeds the fluid's speed ( ), a reverse transition from a turbulent state to a laminar state takes place. This is indicated in Fig.17 . Thus, near the wall region of the trailing end, a relaminarization (turbulent to laminar transition) is taking place. Next, the normalized height y + that corresponds to η = 1.3 is estimated. Here, y + is defined by
where U τ is an averaged friction velocity. Figure 18 shows the profiles of friction velocity U τ (t) and y + 1.3 (t), which is defined by
In the equation, y η=1.3 is the y value that corresponds to η = 1.3. The abscissas are t/T , while the ordinates are U τ (t)/U ∞ (first axis) and y Fig.19 ). Therefore, it should be pointed out that the relaminarization of turbulent fluid at the trailing end of the turbulent region takes place at the region corresponding to the viscous sublayer of the turbulent region.
Conclusions
In order to better understand the flow phenomenon at the streamwise interfaces between turbulent and laminar regions, isolated turbulent regions were periodically generated in a laminar boundary layer by activating bimorph-type piezoceramic actuator. The results obtained in this study are summarized as follows:
( 1 ) Using the piezoceramic actuator, trapezoidal turbulent region with a large spanwise width could be periodically generated in a boundary layer as intended. ( 2 ) The experimental results showed that the streamwise velocity fluctuation and the intensity of the random component both changed rapidly at the leading end of the turbulent region. On the other hand, the streamwise velocity fluctuation remained high after the intensity of the random component vanished at the trailing end of the turbulent region, which is the calmed region.
Journal of Fluid Science and Technology
( 3 ) The traveling speed of the trapezoidal turbulent region was almost the same as those of the turbulent spots with an arrow-head shape. Therefore, it was found that the spanwise interfaces have little influence on the growth of an isolated turbulent region in a laminar boundary layer.
( 4 ) From the comparison between the traveling speed of the interface and the local velocity of the same location, it was found that the laminar fluid is entrained into the turbulent region through the interface at the leading interface regardless of the wall-normal position.
( 5 ) On the other hand, in the near-wall region, η < 1.3 at the trailing interface of the turbulent region, it was found that the turbulent fluid was crossing the interface, provoking relaminarization.
( 6 ) The critical wall-normal distance of η = 1.3, which was the limit of the relaminarization process, corresponded to 10.7 in wall unit (y + ). This result suggested that the relaminarization process was taking place in the viscous sublayer.
